Abstract: Coherence-controlled holographic microscope (CCHM) combines off-axis holography and an achromatic grating interferometer allowing for the use of light sources of arbitrary degree of temporal and spatial coherence. This results in coherence gating and strong suppression of coherent noise and parasitic interferences enabling CCHM to reach high phase measurement accuracy and imaging quality. The achievable lateral resolution reaches performance of conventional widefield microscopes, which allows resolving up to twice smaller details when compared to typical off-axis setups. Imaging characteristics can be controlled arbitrarily by coherence between two extremes: fully coherent holography and confocal-like incoherent holography. The basic setup parameters are derived and described in detail and experimental validations of imaging characteristics are demonstrated. Marquet, "Cell morphology and intracellular ionic homeostasis explored with a multimodal approach combining epifluorescence and digital holographic microscopy," J Biophotonics 3(7), 432-436 (2010). 33.
Introduction
Interference microscopes have become established instruments for measurements and study of microscopic samples and found many biological and industrial application areas. These instruments allow obtaining the amplitude and the phase of the wave reflected by or transmitted through the specimen. The reconstructed phase carries information about specimen topography or morphology and is therefore of particular interest. The quantitative phase contrast imaging allows non-invasive, marker-free (non-toxic) analysis of the specimen with nanometer vertical resolution. In biological applications cell dynamics and morphology analyses can be performed such as monitoring of dry mass distribution within the cells [1] [2] [3] or cell tracking in 3D [4] . In technical applications topography measurements are most frequently performed [5] [6] [7] [8] . Some interference microscope systems can also provide special features like numerical refocusing [9, 10] , optical sectioning [11] [12] [13] or tomographic imaging [14] [15] [16] .
Many interferometric instruments have been proposed for phase measurements, which can be basically classified into two groups. In-line systems [9, 17, 18] are characterized by the zero angle between the object and the reference beam. The use of low-coherence light sources in these systems enables to suppress coherent noise, but also to achieve an optical sectioning effect by coherence gating. However, these systems require capturing more than one interferogram to reconstruct the object wave, which can be a limiting factor when imaging rapidly varying phenomena. Also this is disadvantageous since vibrations and medium fluctuations can introduce measurement errors. On the other hand off-axis systems, frequently called as digital holographic microscopes (DHM) [5, [19] [20] [21] , are characterized by the nonzero angle between the object and the reference beam. These systems do not allow the use of incoherent light sources and therefore the optical sectioning property is not available as well as the coherent noise suppression effect. Also the lateral resolution is limited due to this reason. However, only one captured interferogram is needed to reconstruct the object wave which makes these systems suitable for imaging of rapidly varying phenomena and brings high stability of the phase measurement.
The coherence-controlled holographic microscope (CCHM) combines an off-axis configuration and an achromatic grating interferometer allowing for the use of arbitrarily lowcoherent illumination. This enables the CCHM to gain the described advantages of both inline and off-axis systems while eliminating the disadvantages at the same time. Thus CCHM is capable to provide speckle-free real-time optically-sectioned quantitative phase contrast imaging with lateral resolution fully comparable to conventional optical microscopes. Recently some interesting off-axis setups emerged employing diffraction gratings and using sources of low temporal coherence [22, 23] . However, in [22] spatially coherent illumination is needed. In [23] spatial coherence is also increased to a certain extent.
To our knowledge, the first achromatic holographic microscope allowing for off-axis holographic imaging with light of arbitrarily low coherence was designed by Chmelík and Harna for reflected light [24] . The confocal-like optical sectioning property of CCHM systems was proved theoretically and experimentally for reflected-light configuration [24] . The theoretical description of the imaging process of CCHM was carried out and compared to other imaging systems [25] . Time-lapse analyses of living cells [3, 26] and surface profilometry measurements [6, 7, 27] were made using the CCHM. A novel method of combined phase and depth-discriminated intensity imaging was proposed [6] . Recently some remarkable imaging properties of CCHM were discovered when imaging through scattering media [28, 29] . In 2010 the name "Coherence-controlled holographic microscope" was firstly introduced [28] as it reflects the crucial ability of the microscope to control its imaging properties by the degree of spatial and temporal coherence of the illuminating light. In this way imaging properties of the microscope can be easily adapted to match the application requirements.
The latest concept of the transmitted-light CCHM was described in detail and its optical properties were discussed in [28] . This device provided a remarkable progress in the CCHM design and created a platform for variety of mainly biological observations [3, 26] . This concept employs a diffraction grating used as a beamsplitter to split the incident light into the object beam and the reference beam. Since the diffraction grating plane is optically conjugated with the output plane of the microscope as proposed by Leith [30] , the formation of an achromatic interference fringe pattern in the output plane is ensured for arbitrarily low coherence of illumination. However, this design has some limiting factors. The most significant limitation is introduced to the spectral transmittance of the microscope for wavelengths different from central wavelength. This is the consequence of the dispersive power of the diffraction grating, which produces laterally shifted images of the source in the entrance pupils of condensers. When using wavelengths longer or shorter than the central wavelength, the laterally shifted images of the source are cropped by the aperture of the entrance pupil which results in reducing the amount of interfering light while inducing increased spatial coherence of the source at the same time. Thus signal quality at these wavelengths is affected. This also causes slightly anisotropic transfer of spatial frequencies. Another important disadvantage of this concept is given by the need of four identical microscope objectives (two acting as condensers and two as objectives). Although long working distance lenses are employed, the lack of working space between condensers and objectives is significant especially when working with high NA lenses. The considerable limitation is also given by economical aspects when considering the costs of four identical objectives employed in the setup for each magnification.
The concern of this paper is to describe in detail the novel optical setup of the CCHM which we designed and which overcomes most of the mentioned disadvantages of the previous concept, preserves all the advantages of incoherent off-axis holography and enables multimodal imaging. Some of the preliminary results were already presented in [31] . In the following sections the basic setup parameters are derived and described in detail and experimental validations of imaging characteristics are demonstrated.
Optical setup and principles of operation
The novel CCHM setup ( Fig. 1 ) is based on Mach-Zehnder-type interferometer adapted for achromatic off-axis holographic microscopy. The light passing through the achromatic interferometer propagates through separated optical paths -the object and the reference arm of the interferometer. Both arms are formed by identical microscope setups consisting of condensers (C 1 , C 2 ), infinity-corrected objectives (O 1 , O 2 ) and tube lenses (TL 1 TL 2 ). The essential component of the CCHM setup is the reflection diffraction grating (DG), which is placed in the reference arm of the interferometer and imaged into the output plane (OP) as proposed by Leith [30] . The diffraction grating plane (DG) and object planes (Sp, R) of objectives are optically conjugated with the output plane (OP) by objectives and output lenses (OL 1 , OL 2 ). Since only the + 1st order of the diffraction grating is used for imaging (other diffraction orders are eliminated by spatial filtering in focal plane of output lens OL 2 ), the image of the grating is not formed directly by the reference beam in the output plane. However, when the object beam and the reference beam recombine in the output plane, the interference fringe pattern appears, which corresponds to the diffraction grating grooves' image as it would be formed directly by 0th and + 1st order of the diffraction grating. Thus the spatial frequency of interference fringes f C in the output plane -i.e. the carrier frequencyequals to the spatial frequency of diffraction grating grooves f G reduced by output lenses' magnification m OL The extended and broadband, i.e. spatially and temporally incoherent light source (S) (e.g. a halogen lamp) is imaged by a collector lens (L) to front focal planes of condensers, thus providing the Köhler illumination. Then the secondary image of the source is formed in the rear focal planes of objectives and also the tertiary image of the source is formed near the rear focal planes of output lenses. In the reference arm, the tertiary image of the source in the rear focal plane of the output lens OL 2 is spectrally dispersed with respect to the dispersive power of the diffraction grating so that the longer is the wavelength of light, the further the image of the source is placed from the reference arm axis. Let trace the axial ray which comes from the source, passes through the reference arm and hits the grating. When considering the + 1st diffraction order of the grating, the incident ray is diffracted by the grating at an angle α according to the grating equation sin(α) = f G λ, where λ is the wavelength of light. The diffracted ray then passes through the output lens OL 2 and enters the output plane at an angle β. The relation between α and β is given by sin(β) = sin(α)/m OL . In the object arm of the interferometer, the light is reflected by mirror M 2 and passes through the output lens OL 1 normally since there is no diffractive element in the path. The light is not spectrally dispersed in this arm. Thus rays of different wavelengths emitted from corresponding points of tertiary images of the source in both interferometer arms recombine in the output plane under different angles β. This is caused by the dispersive power of the diffraction grating and gives rise to interference fringes parallel with grooves of the diffraction grating and of a spatial carrier frequency f C which is constant for all wavelengths -i.e. the interferometer is achromatic. If a specimen (Sp) is observed, an image plane off-axis hologram with the spatial carrier frequency f C is formed in the output plane.
A proper alignment of the output angle β for all available wavelengths is crucial for achromaticity of the interferometer. When any misalignment θ is introduced to the output angle β, the interferometer produces interference fringes of slightly different carrier frequencies at different wavelengths. The higher values of θ give rise to higher values of f C and vice versa. Also the positive values of θ give rise to higher values of f C at shorter wavelengths while the negative values of θ give rise to higher values of f C at longer wavelengths. This behavior significantly influences achromaticity of the interferometer and consequently the contrast of the interference fringes pattern in the recorded hologram. Therefore the output angle β has to be properly aligned.
Although the use of incoherent illumination brings high demands on precise alignment of optical components, a simple and fully automatable two-step procedure was developed for easy operation of the microscope. To equalize optical paths the mirror M 2 is shifted along the optical axis with the use of piezo-positioner. Second piezo-positioner is used to translate the reference objective O 2 perpendicularly to the optical axis to align precisely images from both interferometer arms formed in the output plane.
Several variations of the proposed setup are possible, e.g. with the use of transmission diffraction grating or with the use of two diffraction gratings, each placed in one arm of the interferometer. The use of transmission grating would be more convenient because of lower light losses, which are otherwise significant when considering the use of reflection diffraction grating together with beamsplitters (BS 2 , BS 3 ). Also a reflected-light setup can be easily achieved by introducing illumination beams into the infinity space between objectives and tube lenses. In the same way, multimodality can be achieved by implementing other imaging or micromanipulation techniques to provide combined imaging [32] [33] [34] .
The following components were used in our experimental setup: light source S (halogen lamp coupled into light guide), collector lens L (achromatic doublet, focal length 50 mm), condensers C (NA 0.52), objectives O (Nikon Plan Achromat 10 × /0.25, infinity-corrected), tube lenses TL (focal length 200 mm), output lenses OL (focal length 35 mm, NA 0.25, plancorrected), detector D (CCD, BW, 14-bit, 1376 pixels × 1038 pixels, pixel size 6.45 μm). It is highly desirable to employ plan-corrected optics for the imaging part of the microscope setup (O, TL, OL) because of the detector D used as a recording device.
Incoherence of the light source
As it was already mentioned, the above described setup allows using illumination of arbitrary degree of coherence. Using of incoherent illumination in CCHM brings advantageous imaging properties and therefore the lowest achievable degree of coherence is of great importance. To demonstrate this achievable degree of coherence, one can estimate coherence width (CW) and coherence length (CL) of the illuminating light.
We estimated CW as a diameter of circular area that is illuminated almost coherently, which we expressed as the full width at half maximum ( To find the mutual intensity function a 2-axis piezo-positioner was used to translate the reference objective (O 2 ) in a direction perpendicular to the optical axis. Thus the image formed by the reference arm in the output plane was shifted with respect to the image formed by the object arm. The reference objective was translated in two directions -perpendicular to diffraction grating grooves (x axis) and parallel with diffraction grating grooves (y axis). The average values of the reconstructed amplitude were then computed in area of 5 px × 5 px within the central part of the image and the normalized values were plotted versus the lateral shift d OP of the image formed by the reference arm in the output plane ( Fig. 2(a) ). The CW was estimated as the FWHM of the mutual intensity function, giving d w,x ≈91 µm and d w,y ≈76 µm for the two directions respectively.
Similar procedure was performed to measure the mutual coherence function and to find the CL. However, at this time 1-axis piezo-positioner was used to translate the mirror M 2 . In this way the optical path difference (OPD) between the two interferometer arms was varied. The averaged and normalized amplitude values versus the OPD value d OPD were plotted and the CL was estimated as the FWHM of the obtained mutual coherence function giving d l ≈4 µm (Fig. 2(b) ).
It can be seen that the experimentally determined values of CW and CL are higher when compared to the theoretical values. Partially it is an expected effect due to the increase of coherence by the imaging process as it was mentioned above. Moreover, the reference beam is spectrally dispersed when passing through the output lens contrary to the object beam. For this reason, small phase shifts introduced by residual aberrations of these lenses are not balanced in the output plane and individual interference patterns belonging to different wavelengths are unequally laterally shifted. The patterns belonging to different parts of the spectrum then match and thus contribute to the output signal for different values of the shifts d OP (in x axis) and d OPD , which is probably the reason for higher measured values of d w,x and d l . This effect together with the presence of secondary maxima of the spectrum (caused by the reflection diffraction grating) may explain also the side-lobes of the curve in the Fig. 2(b) .
The obtained values demonstrate the extremely low coherence of illumination which the CCHM is capable to utilize. 
Lateral resolution
Let the complex amplitude distribution of object and reference wave in the output plane be o(x, y) and r(x, y) respectively, where r(x, y) = r 0 (x, y) exp(-i2πf C x) and r 0 (x, y) is the complex amplitude distribution of reference wave expressed in the plane perpendicular to propagation direction. Then the intensity distribution of the hologram which is generated in the output plane by interference of the two waves is given by 
where asterisk denotes the complex conjugate operator and x, y are coordinates defined in the output plane. The first two terms in second row of Eq. (2) correspond to the intensities of object and reference waves, respectively. In the spatial frequency spectrum of hologram these terms create so-called zero-order term, or* is the image term and o*r is its complex conjugate, i.e. the twin image. Both the terms or* and o*r can be used for reconstruction of the object amplitude and phase (see section 7). In Fig. 3 Let us consider now two extreme cases of illumination: fully spatially coherent and fully spatially incoherent. In typical off-axis DHM setups spatially coherent sources such as lasers or laser diodes are usually used to ensure the proper functionality of the device. Therefore the frequency spectrum of r 0 is nearly a two-dimensional Dirac distribution. Thus the highest frequency produced by the terms or 0 * and o*r 0 in the spatial frequency spectrum is given by max, max,
and their spectral supports are therefore circles of radius max,
(marked by dashed line in Fig. 3 ). It can be seen that the use of spatially coherent light sources in these systems leads to twice higher lateral resolution limit when compared to conventional optical microscopes where it is given by the standard formula
and where spatially low-coherent sources are used.
In the case of CCHM the use of spatially and temporally incoherent sources is allowed. Therefore an extended and broadband source can be employed, which provides a range of illumination directions in both interferometer arms. When a proper condenser is used so that the aperture of the objective is fully filled by the image of the source, then the highest spatial frequency of r 0 is given by max, 
(marked by solid line in Fig. 3 ). It can be seen that the lateral resolution limit achievable by the CCHM with spatially incoherent illumination is fully comparable to conventional optical microscopes and it is half of the value for coherent illumination, the mode used in most current DHMs. Thus the lateral resolution limit of CCHM corresponds to incoherent imaging process [25] . Since the highly incoherent illumination as well as highly coherent is possible, the lateral resolution can be controlled arbitrarily in CCHM between the two extremes described by Eq. (4) and Eq. (5). Moreover due to the achromatic interferometer design of the CCHM, the wavelength of illuminating light can be varied arbitrarily (in the range of spectral transmissivity of the CCHM setup) to reach the best resolution achievable in the particular application.
To confront these theoretical conclusions with real imaging conditions and to prove the influence of spatially incoherent illumination on the achievable resolution in CCHM, we observed a sample with broad spectrum of spatial frequencies (surface of a ground glass). Multiple of captured holograms were averaged to increase SNR and preserve the highest spatial frequencies located near the resolution limit of the objective lens (10 × /0.25). Then the modulus of spatial-frequency spectrum of the averaged hologram was calculated (Fig. 4) . The images were captured under two different conditions of illumination -highly spatially incoherent (halogen lamp coupled into 5 mm diameter light guide with interference filter λ = 650 nm, 10 nm FWHM) and highly spatially coherent (HeNe laser, λ = 633 nm). The spatially coherent illumination was provided to allow comparison of results obtained by CCHM in incoherent mode with those for a typical DHM (simulated by CCHM in coherent mode). The circles in Fig. 4 show the expected diameters of spectral supports of zero-order term and image terms corresponding to Eq. (5) and Eq. (4). Although one have to be cautious when directly comparing the diameters because of slightly different wavelengths used (650 nm vs. 633 nm), the experimental results show a good agreement with the theoretical assumptions. Also one can notice the different shapes of spatial frequency transmission profiles in the image terms, where the profile is approximately triangular for spatially incoherent illumination and rectangular for spatially coherent illumination. This is an important fact to understand the difference in the achievable lateral resolution between spatially incoherent and spatially coherent illumination. While spatially coherent illumination will provide good contrast even at the maximum transmitted spatial frequency, the spatially incoherent illumination will provide contrast approaching zero at its maximum transmitted spatial frequency. However, the maximum transmitted spatial frequency for spatially incoherent illumination will be double that of spatially coherent illumination. 
Spatial frequency of the diffraction grating
Conditions derived in previous paragraphs are essential for determination of the diffraction grating spatial frequency. To perform a hologram reconstruction, total separation of the sideband terms or* and o*r from the zero-order term |o| 2 + |r| 2 is required in the spatial frequency spectrum as it is depicted in Fig. 3 . No overlap of these terms is allowed. It can be seen from .
When considering Eq. (1) we obtain a condition for diffraction grating grooves' spatial frequency in the form 4 .
The spatial frequency of the diffraction grating used in our setup is f G = 150 mm 
Output lens and the field of view
Output lenses are used in the CCHM setup to relay the images of the object planes (Sp, R) and the diffraction grating plane (DG) into the output plane (OP) of the interferometer. 
which in terms of Eq. (7) and Eq. (8) leads to 2.78 .
For f G = 150 mm −1 and a camera pixel size of 6.45 μm Eq. (10) gives m OL ≥ 2.7. The higher is f G , the finer is the interference structure in the output plane and the larger magnification is thus needed to resolve the fringes by a detector and consequently the smaller is the field of view. Therefore it is convenient to keep f G as low as possible. When compared to typical DHM, the resulting FOV is smaller in the case of CCHM due to higher lateral resolution (FOV dimensions are approximately 1. objective lens the CCHM is able to provide better resolution when compared to DHM with the same lens, while with the lowest available magnification lens the DHM is able to provide larger FOV when compared to CCHM with the same lens. To extend the available FOV a larger detector with increased number of pixels can be used. There are also several methods enabling suppression of the zero order term in the frequency spectrum to improve the available bandwidth for the sideband terms (e.g [37] .). In this way a lower magnification of output lenses is needed because of lower carrier frequency, which results in larger FOV dimensions. However, these methods are still more or less approximated.
There are also several more parameters of the output lenses that should be taken into account such as numerical aperture, lateral resolution or accessibility of the back focal plane. A stronger limiting condition for numerical aperture is given in the reference arm where the reference beam is deflected by the diffraction grating and has to be collected by the output lens OL 2 . The lateral resolution has to be sufficient across the whole FOV to transfer all the spatial frequencies produced by objectives into the output plane. The accessibility of the back focal plane is important to enable elimination of all diffraction grating orders except the imaging order (l = + 1) by spatial filtering.
Image processing
The reconstruction of the image amplitude and phase from a captured hologram is based on carrier removal in the Fourier plane [24, 38] . The hologram is Fourier transformed using the 2D fast Fourier transform (FFT) algorithm. Then the image spectrum in the sideband is extracted by a windowing operation. The window is centered at the carrier frequency f C and the size of the window corresponds to the maximum image term spatial frequency f max,or* . The frequency origin is translated to the center of the window and the spectrum is multiplied by an apodization function. Finally, the image complex amplitude is computed using the 2D inverse FFT and the image amplitude and phase are derived from the complex amplitude as modulus and argument, respectively.
Phase measurement accuracy and precision
There are several parameters that can influence the accuracy and/or precision of reconstructed phase in holographic microscopy such as coherent noise, parasitic interferences, shot noise, readout noise, quantization noise, wavelength stability, air flow, temperature fluctuations, mechanical robustness, numerical reconstruction algorithm etc. Thanks to the temporally incoherent light source CCHM enables strong suppression of coherent noise and parasitic interferences. This brings high quality and accuracy of the phase measurement. The sensitivity for wavelength stability issues is reduced thanks to the achromatic interferometer configuration. On the other hand the spatial incoherence of the light source causes decrease of interference fringes' contrast in the output plane. However, this can be easily overcome by the use of detector with increased bit depth.
To estimate the phase measurement precision we followed an approach described e.g. in [39] . The temporal standard deviation σ was computed for each pixel of the blank reconstructed phase image throughout the 15 s long sequence of 140 captured images (no averaging used). In this way maps of temporal standard deviations of reconstructed phase were calculated providing information on the precision achieved in any particular pixel of the reconstructed image (Fig. 5) . The measurement was performed with 14-bit camera 1376 pixels × 1038 pixels under two different degrees of temporal coherence of illuminationhalogen lamp filtered with interference filter (λ = 550 nm, 10 nm FWHM) and unfiltered (white light). Examples of central parts of captured holograms are shown in Fig. 5(a, b) . With filtered light the interference fringes utilize 62% of dynamic range of the detector, while with white light the interference fringes utilize 28%. This gives 2. rad. Higher values of σ in the case of white-light illumination are probably caused by imperfect alignment of the output angle β, which influences achromaticity of the interferometer (see section 2) and decreases contrast of interference fringes. Higher values of σ at the edges of FOV are caused by slight decrease of interference fringes' contrast in these areas, which is a consequence of spatially incoherent illumination [28] . When assuming the difference of refractive indices between sample and surrounding environment Δn = 0.5, one can obtain temporal standard deviation values converted to a real height: ˆ0.5 h σ = nm for filtered light illumination and ˆ1.5 h σ = nm for white light illumination. In such case the phase-measurement precision effectively reaches a sub-nanometer regime with filtered light illumination. Since these results were achieved with experimental setup built on optical table, we suppose there is a space for improvement in alignment and mechanical and thermal stability to further refine the phase measurement precision. Also there is the possibility of frame averaging to achieve better precision values. 
Coherence gating
Thanks to the spatially and temporally incoherent illumination, the CCHM is capable of coherence gating, i.e. a limited contribution of light scattered in out-of-focus planes of the specimen to the resulting image. Low spatial coherence suppresses influence of scattered light in such a way that it limits interference of low-coherence non-ballistic photons. Temporal incoherence is transformed by the diffraction grating into spatial incoherence; broad-spectrum source then causes a similar effect of coherence gating as a spatially incoherent monochromatic source [28] . Limiting both spatial and temporal coherence in CCHM thus results in improved in-focus image contrast especially for objects embedded in a scattering media. In the case of reflected-light CCHM, true confocal-like optical sectioning by coherence gating is achieved [6, 24, 25] .
To prove the coherence gating effect induced by incoherent illumination and the possibility of imaging through a scattering media in our transmitted-light setup, we observed amplitude object hidden behind a strong diffuser (D) -coverslip ground glass (Fig. 6(a) ). In the object arm of the CCHM the diffuser placed in the out-of-focus plane spreads the image of the object in many directions. The reference arm then acts as a filter separating always a single image from the object arm image plane, where images spread one over each other are located because of scattering by the diffuser. In this way only the separated image contribute to the interference structure of the resulting hologram. Although the reference arm is usually adjusted to separate ballistic light (providing highest contrast of interference fringes), the diffuse light imaging is also possible with CCHM [29] . It can be seen in Fig. 6 that the structure of the specimen in the case of conventional bright-field image (Fig. 6(b) ) is completely undistinguishable due to the diffused light, while the reconstructed CCHM amplitude (Fig. 6(c) ) and phase ( Fig. 6(d) ) images still clearly reveal the structure. Although the interference signal is weak in case of such a strong diffuser, it still enables CCHM to acquire high-quality images of objects hidden behind it. However, this is only possible when the diffuser is located in the out-of-focus plane, otherwise the structure of the diffuser would affect the reconstructed image of the observed specimen. 
Influence of spatial and temporal coherence on the imaging properties
Imaging properties of the CCHM can be varied to match the requirements of any particular application. This is done by controlling the degree of spatial and temporal coherence of the illuminating light. The degree of spatial coherence is controlled by an aperture diaphragm changing the effective area of the extended light source. The degree of temporal coherence is controlled by the use of bandpass filters together with white light source (e.g. halogen lamp). Higher degree of coherence allows for wider range of numerical refocusing. Lower degree of coherence results in several advantageous imaging properties. Reduction of spatial coherence brings better lateral resolution (see section 4). Reduction of both, spatial and temporal coherence, allows for coherence gating [25, 27, 28, 40] , i.e. imaging through scattering media and confocal-like optical sectioning in the case of reflected-light setup. Also strong suppression of coherent noise and parasitic interferences is achieved in this way [41] , resulting in high phase measurement accuracy and high imaging quality (Fig. 7, Fig. 8 ). When working in reflected-light mode, controlling the degree of coherence between coherent and incoherent mode enables a novel method of combined phase and depth-discriminated intensity imaging which overcomes the known 2π phase ambiguity [6] . In this way rough surfaces can be measured with nanometer precision. In addition to these features, achromatic off-axis geometry of CCHM allows for adaptation of illumination wavelength to take into account the spectral sensitivity of the specimen, spectral sensitivity of the detector or spectral output power of the light source. Also achievable lateral resolution and phase measurement precision can be varied in this way to optimize imaging performance in particular application. Composite color images of a sample can be obtained if a color camera is employed or by combining separate RGB intensity images. 
Conclusions
The proposed setup of CCHM enables off-axis holographic microscopy with completely temporally and spatially incoherent (i.e. broadband and extended) light sources. The degree of coherence influences strongly the imaging characteristics of CCHM, thus controlling the degree of coherence brings the possibility to adapt the imaging characteristics according to particular application requirements. The main optical parameters were derived. Lateral resolution limit fully comparable to conventional widefield optical microscopes and twice smaller when compared to typical DHMs was demonstrated with spatially incoherent illumination. Also the phase measurement precision reaching a sub-nanometer regime was demonstrated. Coherence gating effect was proved when imaging an amplitude object hidden behind a strong diffuser. The influence of spatial and temporal coherence on the imaging properties was discussed pointing out the benefits of incoherent off-axis holography and the high imaging quality was presented.
The imaging characteristics of CCHM in coherent mode are comparable to typical DHM setups including the possibility to refocus numerically. In incoherent mode the CCHM is capable to provide high-quality speckle-free coherence-gated quantitative phase contrast imaging with sub-nanometer phase measurement precision and lateral resolution fully comparable to conventional optical microscopes. On the other hand these benefits of incoherent off-axis holography are at the price of more complex optical design. When compared to typical DHM setups, the CCHM provides better (lower) resolution/FOV ratio. Moreover the achromatic geometry of CCHM allows the illuminating wavelength to be chosen arbitrarily according to any requirement of any particular application or to optimize the imaging characteristics such as lateral resolution or phase measurement precision. It should be also noted that there is a limitation common for all off-axis geometry setups (including CCHM), which is the impossibility to fully exploit the available spatial frequency bandwidth of the detector. However, this limitation is balanced by the one-shot real-time measurement capability, which is the domain of off-axis systems.
When compared to previous generation of CCHM [28] , the newly proposed setup eliminates spatial coherence limitation at wavelengths different from the central wavelength thus enabling the use of fully spatially incoherent sources at arbitrary wavelength of the visible spectrum. The number of required objective lenses was reduced from four to two and standard condensers are used with no need for replacement when magnification is changed. The working space and spectral transmittance were substantially improved to levels fully comparable with conventional optical microscopes.
By introducing the illumination beams into infinity spaces between objectives and tube lenses, the proposed setup can be easily adapted for reflected-light mode. Also multimodality can be achieved by implementing other imaging or micromanipulation techniques enabling CCHM to profit from combined holographic imaging.
Thanks to the real-time, non-invasive and marker-free imaging character, the CCHM in transmitted-light mode is very convenient for imaging of living cells [3, 26] . In such applications imaging through scattering media is highly desirable feature of CCHM, which is enabled by the use of incoherent illumination. The CCHM in reflected-light mode is most frequently used for surface profiling [6, 7, 27] , where the incoherent illumination enables a novel combined phase and depth-discriminated intensity imaging to overcome the 2π phase ambiguity [6] .
The proposed CCHM technology is patented by Brno University of Technology [42] .
